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In George Lucas' epic Star Wars saga, Jedi knights battle an evil empire with light sabers. Now, scientists have started to use light from lasers and light-emitting diodes to explore new concepts for striking back at one of humanity's most threatening foes, cancer.
The concept of optogenetics is based on genetically encoded effectors of cell signaling that can be rapidly and reversibly activated by light. Optogenetic approaches have their roots in neuroscience and date back more than a decade, when researchers first managed to control neuronal activity with light upon introduction of animal rhodopsin or microbial opsins into a variety of model organisms. Since then, optogenetics has transformed neuroscience through the dissection of neural circuitry and brain function in health and disease. 1 Over the last few years, the optogenetic toolkit has expanded dramatically. As a result, an increasing number of signaling pathways that are critical for cell fate decisions and hence play major roles in cancer development and progression became amenable to manipulation by light. For instance, optically activated variants of son of sevenless 1, Raf 1, Rho A, Rac 1, phosphoinositide 3 kinase p85a, and low-density lipoprotein receptor-related protein 6 (activating the Wnt pathway) have been developed and used to study cellular signaling events with an unprecedented degree of spatial and temporal precision. 2 In recent issues of The EMBO Journal, 3 Nature Communications, 4 and Chemistry & Biology, 5 collaborative work from our groups in Austria and work from the group of Won Do Heo in Korea independently describe Opto-RTKs, receptor tyrosine kinases (RTKs) that can be controlled with light. These reports demonstrate blue light-induced, spatiotemporally precise activation of several members of this crucial cell surface receptor family. Considering the fundamental role of RTKs in cancer development and angiogenesis and the clinical importance of RTK inhibitors, Opto-RTKs hold great promise for the field of oncology.
RTKs consist of an extracellular ligandbinding domain, a single-pass transmembrane domain, and an intracellular tyrosine kinase domain. In Opto-RTKs, the ligand-mediated dimerization that is required and sufficient for activation of many RTKs is replaced with light-induced dimerization. In all published OptoRTKs, light-sensitive protein domains from diverse non-animal species were attached to the far C-terminus of the RTK, whereas the original extracellular domains were either retained or replaced by heterologous domains. Our group screened light oxygen voltage (LOV) domains of photoreceptors found in plants, bacteria, and fungi and identified 3 aureochrome LOV domains that are capable of activating the RTKs murine fibroblast growth factor receptor 1 (mFGFR1), human epidermal growth factor receptor, and human ret proto-oncogene 3 ( Fig. 1A) . The Heo laboratory used the photolyase homology region of cryptochrome 2 (CRY2) from Arabidopsis thaliana to drive the activation of the RTKs neurotrophin tyrosine kinase receptor type 1/2/3 (NTRK1/2/3, also known as tropomyosin-related kinase A/B/C, TrkA/ B/C) 4 and human FGFR1. 5 The choice of light-sensing protein domains may have functional implications as the LOV domains form dimers, 6 whereas CRY2 has been shown to form oligomeric complexes. 7 Importantly, both systems demonstrate light-induced simultaneous activation of the mitogen activated protein kinase, phosphoinositide 3 kinase, and phospholipase Cg pathways, as expected for canonical RTK signaling and in contrast to methods designed for activation of single pathways. Furthermore, no activation of signaling in the absence of light is observed in either of the two systems. We focused on the role of FGFR1 in malignant growth and demonstrated that light-induced activation of OptomFGFR1 was sufficient to quantitatively control cell behaviors that are directly relevant to cancer: enhanced proliferation and epithelial-mesenchymal transition of cancer cells, and sprouting of blood endothelial cells.
Using these newly-developed tools, researchers can now probe the hallmarks of cancer in new ways to obtain answers to long-standing questions. 8 One focus may lie in decoding the dynamic intracellular wiring of signaling pathways and understanding its link to functional changes in cell behavior. Repetitive short activation of cellular signaling may result in fundamentally different outcomes compared to prolonged activation. 9 Also, we have created variants of Opto-mFGFR1 with mutations in intracellular tyrosine residues that allow us to restrict activation patterns to specific combinations of downstream effectors. The overwhelming evidence for RTK hyperactivation during all stages of cancer contrasts with the seemingly paradoxical experience of many researchers that it can be difficult to overexpress RTKs in untransformed cells and even in fully malignant cancer cells without triggering apoptosis. Opto-RTKs may enable detailed studies of pathway-specific temporal and spatial doseeffect relationships between RTK activation and cell fates ranging from proliferation and migration to differentiation, senescence, and apoptosis. Figure 1B illustrates possibilities for spatially or temporally restricted activation of RTKs in specific loci of living cells, organotypic co-cultures, or model organisms. Since aberrant RTK signals contribute to most functional hallmarks of cancer, these experiments, combined with rapid and sensitive read-outs of cell signaling and behavior, will lead to a new understanding of key events underlying cancer in real-time and with high resolution. In high throughput formats, similar experiments may significantly improve and facilitate drug development. We expect that further advances in the field will create optically controlled variants of additional RTKs that can also be activated either simultaneously or separately (e.g., by light of different colors), and will enable patterned programming of cell functions and differentiation states with farreaching implications in stem cell research and regenerative medicine. Future studies will profit from key enabling technologies that have been established in neuroscience. These include in vivo illumination technology, ranging from surgical implants to transdermal illumination, and 2-photon excitation approaches. 10 There may still be some way to go until these new tools ultimately benefit applied research and cancer treatment. Yet, analogous to developments in neuroscience, subsequent episodes in which researchers use Opto-RTKs for new discoveries in the field of oncology will soon follow.
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